Single molecule localization (SML) is a powerful tool to measure the position and trajectory of molecules in numerous systems, with nanometer accuracy. This technique has been recently utilized to overcome the diffraction limit in optical imaging. So far, super-resolution imaging by SML was demonstrated using photoactivable or photoswitchable fluorophores, as well as diffusive fluorophore probes in solution. All these methods, however, rely on special fluorophore or object properties. In this Letter, we propose and demonstrate a new super-resolution technique attainable for a bio/dielectric structure on a metal substrate. A sub-diffraction-limited image is obtained by randomly adsorbed fluorescent probe molecules on a liquid-solid interface, while the metal substrate, quenching the unwanted fluorescent signal, provides a significantly enhanced imaging contrast. As this approach does not use specific stain techniques, it can be readily applied to general dielectric objects, such as nanopatterned photoresist, inorganic nanowires, subcellular structures, etc.
The resolution of conventional optical microscopy is always restricted by the diffraction limit, due to the decay of high spatial frequency evanescent waves associated with subwavelength objects. Exciting developments that have been proposed to overcome this limit include near-field scanning optical microscopy (NSOM), 1,2 stimulated emission depletion (STED) microscopy, 3, 4 silver slab superlens, 5 saturated structured illumination microscopy (SSIM), 6 etc. In particular, the recent achievements in single molecule localization provided a new alternative to realize ultrahigh resolution by numerically fitting the center position of the fluorescent molecules. 7, 8 However, a continuous tone super-resolution image requires a large number of molecules within the area of interest, whereas single molecule imaging demands a low concentration (no more than one molecule within a diffraction limited area). To overcome this problem, photoactivable/ switchable fluorophore [9] [10] [11] [12] and diffusive molecules in solution 13 methods were proposed. Indeed, these methods achieved relatively high concentration of fluorescent molecules, while still able to realize single molecule imaging by exciting only few molecules at each frame of measurement. However, all these methods are limited by the stain technique [9] [10] [11] [12] or to lipid bilayer objects. 13 Here, we report a new way for single-molecule continuous tone super-resolution imaging that does not depend on or limited by specific fluorophore or stain technique. Our method utilizes dynamic adsorption of fluorescent molecules on a liquid-solid interface (as shown in Figure 1) . The fluorescent signals from molecules sparsely adsorbed on the surface are recorded by the CCD camera, while the rest are blurred out by fast diffusion to a uniform background. Furthermore, we apply a metal substrate to quench the fluorescent signals that are not from the surface of the dielectric objects to be imaged (Figure 1a ). Combining these two methods, we can detect only the local reporters adsorbed on the object surfaces, providing the necessary contrast to form an image. Since this is a physical process (not relying on specific chemical bonding), this method requires no special fluorophore or stain techniques and, thus, in principle can be applied to most dielectric objects on a metal substrate.
Physical adsorption of molecules on liquid/solid (or gas/ solid) interface is known to be random and reversible. The fluorescent molecules act as a probe only when adsorbed and become immobilized on the interface. Consider the following chemical system (Figure 1b) : a fluorescent molecule, A, is in solution and can bind to an available site on the surface, B, to become a bound species C.
At equilibrium, the adsorption rate equals the desorption rate, giving rise to the equilibrium constant (determined by the binding energy and temperature
, where k ads and k des are the rates of adsorption and desorption, respectively, and the brackets indicate molecule concentration. The average lifetime of a molecule on the interface, τ, is hence 1/k des . According to the Langmuir isotherm, 14 the surface coverage
is proportional to the bulk molecule concentration at low concentration, [A] , 1/K. This provides a simple and efficient method to tune the surface density of the fluorescent molecules.
In order to obtain sub-diffraction-limited resolution, we utilize dynamical physical adsorption so as to "stretch in time" the large molecule concentration required for the superresolution. Namely, a large effective concentration is achieved by integrating over the total sampling time, while at each measured frame the average molecule concentration is no more than one molecule per diffraction limited area. This can be realized by diluting the molecule concentration in the solution according to eq 2. The signal, recorded by the CCD camera can be maximized by optimizing the recording time to match the lifetime, τ, of the single adsorbed molecule.
As the result, images taken at different times will record different molecules randomly distributed on the surface, where subsequent adsorption events are separated into different image frames. After a long enough time, the probes will eventually cover all the surface locations and retrieve a complete image.
While the above method can provide ultrahigh resolution, a sufficient image contrast is required to generate a meaningful image. We therefore introduce a unique mechanism to generate and enhance the image contrast, relying on the quenching effect in metals. Consider a dielectric nano-object on a metal (e.g., Au) surface, as shown in Figure. 1a. The immersion of the sample into liquid solution forms two different interfaces; the molecules adsorbed on the metal/ solution interface will be effectively quenched, 15 and only those adsorbed on the dielectric/solution interface will emit photons to the far-field to be collected by the microscope objective lens. This is to say, the Au thin film acts as substrate and any dielectric nanostructures on the substrate are imaged by the molecules.
This concept is experimentally demonstrated by imaging a PMMA nanograting with 110 nm/220 nm line width and 400 nm period in Figure 3a . The 60 nm thick sample was fabricated by E-beam lithography, and the measurement was done using an inverted fluorescent microscope (Nikon TE2000). A continuous wave laser beam (532 nm) was delivered through a 100× oil immersion objective (NA ) 1.49) to the sample surface with an average intensity of 4 kW/cm 2 . The fluorescent signal was collected by the same objective and filtered by a dichroic mirror and a long pass (620 nm) filter and imaged onto a CCD camera by additional 1.5× amplification. The physical pixel size of the 512 × 512 CCD is 16 µm and, hence, represents 107 nm at the image plane. The sample was placed in a liquid container which was firmly attached on a motorized stage. The concentration of probe molecule (Rhodamine Phalloidin) was 0.1 nM. Silica beads (20 µm diameter) were dispersed on the optical window (bottom surface) of the container to generate a small gap between the window and sample surface, which will allow the free diffusion of dye molecules and also keep the background signal low. Figure 2a depicts a typical far-field single molecule image captured with 500 ms exposure time. On average, there are only several diffraction-limited fluorescent dots within one image. Those dots are separated far enough, and we assume each of them is from a single molecule based on the bulk concentration. The diffraction limited single molecule image was then fitted with a two-dimensional (2D) Gaussian function to find the center location and intensity (Figure 2b) . By use of statistical theory, 16, 17 the localization accuracy of single molecule detection is 〈(∆x)
where s is the standard deviation of point spread function, N is the total number of photons collected from a single molecule, b is the background signal, and a is the normalized pixel size of the CCD. The average total photon number collected from a single rhodamine phalloidin molecule is about 10 4 , and the background signal is about 60 photons per pixel. A typical position distribution of a fixed reference particle (with similar intensity as probe signals) is shown in Figure 2c . The full width at halfmaximum (FWHM) of these 2000 measurements is 18 nm, which is slightly larger than the theoretical localization accuracy of 13 nm calculated from the signal-to-noise (S/N) ratio.
The sample shown in Figure 3a was tested with our superresolution procedure by recording about 3 × 10 5 useful single molecule signals within 10 h of the experiment. We have analyzed the data using a least-squares fitting algorithm and improved the localization precision by setting an intensity threshold to select only those molecules with sufficient signal-to-noise ratios. The final result was rendered using the fitted center position and Gaussian shape PSF with 18 nm fwhm, as shown in Figure 3b (see also the movie in Supporting Information). Without using such image processing, the result is equivalent to traditional fluorescent imaging, as shown in Figure 3c .
The measured line widths of the PMMA gratings from the super-resolution image are about 120 nm (left grating) and 230 nm (right grating), only 10 nm broader than the line width measured by atomic force microscopy (AFM). It is worth mentioning that our method can even retrieve the defects on PMMA structures as shown in the circled region in Figure 3a . We also tested a PMMA sample of 100 nm period grating on a Au surface, as shown in Figure 3d . The Fourier transform of the 2D image has two distinctive peaks at 100 nm spatial frequency. This clearly demonstrates the strength of this method in imaging subdiffraction limited dielectric objects.
In conclusion, we demonstrated a super-resolution technique utilizing the single molecule localization of random adsorbed probe molecules on a liquid-solid interface. The adsorption of a molecule on the surface effectively turns on the fluorescent signal at a random location, and the subsequent desorption/depletion turns such a signal off. This on-off process makes it possible to detect the position of molecules beyond the diffraction limit. 18 Similar to other imaging techniques utilizing single molecule localization, [9] [10] [11] [12] the resolution of this method is not limited by the diffraction but by the signal-to-noise ratio of single molecule detection. We have demonstrated 18 nm localization resolution and 100 nm imaging resolution at 650 nm wavelength, which can be further improved by selecting brighter molecules with longer lifetime. The dynamic nature of physical adsorption makes this method very versatile, and in principle it could be applied to most dielectric nano-objects on a metal surface.
